Both cGMP and Ca2' appear to be involved in the process of phototransduction in vertebrate rods, but their precise roles have been the subject of debate. To investigate the role of Ca21 we have artificially increased the calcium buffering capacity of the rod by using a patch pipet to incorporate the calcium buffer 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA) into the rod cytoplasm. In the presence of buffer the Na'-Ca2' exchange current became greatly slowed, suggesting that the cytoplasmic calcium concentration (Cai) had indeed been buffered substantially. Although the presence of buffer had negligible effect on the rising phase of the light response, it profoundly altered the later behavior. Responses to brief flashes became prolonged and exhibited an overshoot, apparently because the shut-off process was modified. The normal acceleration of time-to-peak with brighter flashes (an early sign of light adaptation) disappeared. Responses to steady adapting illumination took much longer than normal to settle to a steady level, although the final level represented a similar fractional suppression of current. With superimposed test flashes the presence of such adapting illumination caused a more rapid recovery, whereas the presence of calcium buffer slowed the recovery. The results are consistent with the idea that the rapid drop in Ca1, which has recently been shown to accompany the light response, is involved in terminating the light response, and that Cai is thereby involved in setting the operating point and sensitivity of phototransduction. From comparison with other work we infer that Cai appears to act, at least in part, by means of control of cGMP phosphodiesterase activity.
The electrical response of vertebrate photoreceptors to illumination consists of a hyperpolarization (1, 2) brought about by the closure of ion channels in the outer segment plasma membrane (2, 3) . The transduction process has very high amplification under dark-adapted conditions, and the absorption of a photon by a single rhodopsin molecule can block the entry into the outer segment of more than 106 Na+ ions (4) . In the presence of background illumination the photoreceptor becomes light-adapted, and the gain of transduction decreases in approximately inverse proportion to the light intensity (5, 6) , in cones and in rods of lower vertebrates. This automatic gain control is probably of great importance to the operation of the visual system.
The need for a diffusible internal messenger substance mediating transduction was recognized from the outset (2, 7) , and the proposal was originally made that channel closure was brought about by the release of Ca2+ into the cytoplasm (7) . Subsequently the importance of cGMP was recognized, and a cascade of biochemical reactions leading to the activation of a cGMP phosphodiesterase (PDEase) was described; many groups were involved in these developments and the subject is reviewed in refs. 8 and 9. For some years, however, it was not clear whether either or both Ca2l and cGMP were directly involved in signalling excitation, nor was it clear whether they were involved in adaptation.
Recently, strong evidence has accumulated indicating that cGMP is the diffusible internal messenger that directly controls the light-sensitive channels in both rod and cone photoreceptors (10) (11) (12) (13) (14) (15) . Equally strong evidence has also been presented that elevation of cytoplasmic calcium is neither sufficient (16, 17) nor necessary (18, 19) for rapid closure of the light-sensitive channels and that, contrary to previous ideas, the calcium level drops upon illumination (20) (21) (22) . Despite these recent observations, calcium still appears to play an important role in phototransduction, but the nature and mechanism of its actions are obscure. To examine calcium's role we have attempted to minimize the rate of change of cytoplasmic calcium concentration (Cai) by trapping calcium buffer in the rod. We present evidence that the normal reduction in Cai is involved in terminating the flash response and that calcium is thereby involved in sensitivity regulation and the control of light adaptation.
METHODS
Experiments were performed on isolated rods obtained by mechanical dissociation of retinas from dark-adapted larval tiger salamanders, Ambystoma tigrinum. The outer segment of an intact rod was drawn into a glass suction pipet, which was used to record the dark current and photocurrent (23) . A patch pipet containing the calcium buffer 1,2-bis(o-aminophenoxy)-N,N,N',N'-tetraacetic acid (BAPTA; ref. 24) was then sealed onto the inner segment and the membrane patch was ruptured (18, 19) , giving the "whole cell" configuration in which there was a low access resistance from the patch pipet to the cytoplasm. The cell was voltage clamped at -40 mV, near its normal dark resting level, and from the time of patch rupture substances in the patch pipet diffused into the rod cytoplasm. Experiments with fluorescent dye have shown that within 2-3 min dye is distributed throughout the outer segment (15, 25) .
After a sufficient time (typically 2-4 min) to permit a substantial quantity of buffer to diffuse into the cell, the patch pipet was carefully withdrawn. In most cases this procedure was successful and the plasma membrane apparently resealed, leaving the buffer trapped within the cell. Because a limited time was allowed for diffusion of pipet contents into the cell, it is likely that the concentration of BAPTA attained in the cytoplasm was significantly lower than the concentration in the patch pipet filling solution, but we have no quantitative data on the level reached. After successful withdrawal, photoresponses could be recorded with the 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. suction pipet for several hours, and the response properties were quite stable. This is consistent with the idea that BAPTA was trapped in the cytoplasm and neither crossed the plasma membrane nor was metabolized.
The patch pipet was filled with artificial intracellular solution, containing predominantly potassium aspartate, together with the calcium buffer BAPTA (24) . The 
RESULTS
Previous experiments with calcium buffer in rods (18, 19) have suffered from the drawback that the response continually changes in form (i.e., it is nonstationary) as the chelator diffuses into the cell and as important soluble components presumably diffuse out of the cell. To overcome this problem we have "trapped" a finite quantity of the calcium buffer BAPTA in isolated salamander rods, by gently withdrawing the patch pipet that had been used to introduce the substance (see Methods). This technique has a number of important advantages. First, it is possible to record stably from a cell for several hours using the suction pipet, both before and after trapping chelator. Second, upon disengagement of the patch pipet the cell is disconnected from the sink or source of Ca2+, so that in the long term (i.e., more than =1 min) the rod should be able slowly to regulate its own Cai, independent of the-initial free Ca2+ concentration in the patch pipet (19) . Third, the method enables us to study rod responses when the cell's calcium buffering power is greatly increased, so that the rate of change of Ca1 is reduced.
Buffering. The Na'-Ca2' exchange current measurements (20) together with recent Ca2+ flux measurements (21) and measurements using aequorin (22) (18, 19) . Qualitatively similar behavior has been observed in each of 26 cells in which we have incorporated BAPTA and then successfully withdrawn the patch pipet. Quite similar results have also recently been obtained independently by using bath application of the membrane-permeant Ca2+ chelator quin-2 (29) .
On the basis that BAPTA simply slows the rate of change of Caj, the more rapid recovery in the control case ( Fig. 2A) can be attributed to the occurrence of the normal rapid drop in Ca. Similarly, the normal acceleration of the time-to-peak with brighter flashes, an early manifestation of light adaptation, can also be attributed to the rapid drop in Ca1. With BAPTA not only is the decline in Cai expected to be slowed, but the subsequent rise in Ca, during recovery from a flash should also be slowed. The sudden recovery and overshoot seen in Fig. 2B is then consistent with the idea that, at the time when recovery begins, Cai tends to be held lower than in the dark resting state. As a result cGMP levels can rapidly increase (as explained later), giving rise to a large circulating current and the required large influx of Ca2+ to return Caj to normal.
Steady Lights. The response to bright steady illumination of different durations is illustrated in Fig. 3 , both in control conditions (A) and after trapping BAPTA (B). After short exposures in the presence of BAPTA there was a pronounced latent period of up to 4 sec before recovery commenced, but with longer exposures recovery began quickly. Under control conditions recovery occurred with little delay, even after the brief exposures. On the idea that BAPTA slows the light- The normalized response at the onset of dim steady illumination is shown in Fig. 4 , under control conditions (heavy trace) and in the presence of trapped BAPTA (lighter trace). As in Fig. 2C , the initial phases coincide, but the response in the presence of BAPTA continues to rise for longer, and in this example reaches saturation. After a time, however, the response recovers and eventually reaches the same level as in the control. We attribute the difference in the responses to the slower decline in Cai in the presence of BAPTA. The equality of steady-state responses suggests that the cytoplasmic concentration of free cGMP eventually recovers to the same level as in the control case at the same intensity, which is consistent with the idea that Cai eventually declines to the same level as in control conditions. Indeed, if BAPTA had no action other than increasing the cell's buffering power for Ca2+, the final steady level of Caj during any steady stimulus should be independent of the presence of BAPTA.
Light-Adapted Sensitivity. With a steady adapting background (such as that in Fig. 4 normalized response remains unaltered but the recovery phase becomes delayed. The different onset of recovery means that the peak heights and the areas of the responses, and hence the sensitivity of phototransduction, differ in the different traces despite the common rise.
Comparison of trace DB with trace D, and comparison of trace LB with trace L, indicates that the reduction of Cai that occurs dynamically during the flash response assists in terminating that response, and thereby in setting the sensitivity of transduction, in both the dark-adapted and lightadapted states. Furthermore, on the basis that a transient reduction in Ca1 can affect the recovery phase, it seems reasonable to suppose that the static reduction in Cai expected to accompany steady illumination would also contribute to acceleration of recovery and thereby to reduction of sensitivity. This conclusion is strengthened by the results of Fig.  3 and also by the previous observation by a number of groups of a prolongation of flash responses (similar to that in Fig. 5 (32) . Third, elevated external Ca2+ also prolongs the light response (32) . Together these findings suggest that the increased response duration with exogenous cGMP resulted from increased Cat. Hence we conclude that elevated Ca1 leads to enhanced activity of the PDEase, but we are unable to say whether this stems from a direct action on the PDEase itself (33, 34) or from an indirect action via some other component of the transduction system. Nor are we able to say from these experiments whether Caj additionally affects guanylate cyclase activity (17, 39, 40) .
The conclusion can, however, be taken further in view of the results presented in Fig. 5 . The common rising phase at early times is very similar to the situation found in Limulus (42) and in cones (5) . In terms of the currently accepted idea that phototransduction involves a cascade of biochemical reactions (8, 9 ) the importance of this common rise is that it indicates (5, 42, 43 ) that the differences between the responses involve differences of lifetime in one or more reaction stages, rather than differences in the gain of coupling between stages. For example, the data are consistent with effects of Ca, on the lifetime of photoexcited rhodopsin (Rh*), of GTP-binding protein, or of PDEase (or any combination of these), but they are not consistent with effects of Ca, on the rate at which Rh* activates GTP-binding protein or on the rate at which PDEase hydrolyzes cGMP.
In summary, we conclude that the normal reduction in Cai contributes to setting the rod's sensitivity to light and that at least part of this effect is by control of PDEase activity. In terms of automatic gain control theory it seems ideal that Caj, which is related to the number of open channels and therefore to the rod's output, should affect the gain of a stage or stages near the beginning of the phototransduction sequence.
